Large bound polysomes were observed by conventional electron microscopy in surface or en face views of the rough endoplasmic reticulum (RER) in two cultured cell types. Cultured thyroid follicular epithelial cells and dermal fibroblasts, both from rats, were prepared for electron microscopy. Ultrathin sections were cut in the plane of the flattened cells to maximize the incidence of RER surface views. Some observations were also made on tissue sections of rat thyroid. Most of the large, RER-bound polysomes in both cell types appeared as two parallel rows of ribosome, thus resembling the shape of long hairpins, although probably closed at both ends. The two parallel rows of ribosomes were about 14 nm apart, and the center-to-center distance between ribosomes in the strands averaged 25 nm. Most of the large bound polysomes in thyroid epithelial cells were presumably making thyroglobulin subunits (330 kDa), while a majority of those in the fibroblasts were probably making prepro-␣ chains of collagen I (150 kDa). It was not possible in this material to see complete large polysomes, because their size usually caused them to extend out of the plane of section. In addition to the hairpin polysomes, there were smaller numbers of other forms. A characteristic large spiral polysome was seen occasionally in both cell types and contained as many as 31 ribosomes. One or two dense particles were sometimes seen in the center of spiral or circular polysomes. The consistent hairpin shape of most large bound polysomes observed in this study suggests that their shape is quite stable.
Polysomes for the synthesis of secretory, lysosomal and integral membrane proteins are bound to membranes of the RER. As illustrated in Fig. 1 , it is possible to observe the shape of bound polysomes, and the number of ribosomes they contain, in conventional electron micrographs of cells when the membranes of the RER happen to be seen in surface or en face view (shown diagramatically at right in Fig. 1 ), rather than in the usual membrane cross sections (as shown on left side of Fig. 1 ). When observed in surface view, the ribosomes of bound polysomes are arranged like beads on a string, forming characteristic shapes, such as circles, spirals, loops, or hairpins. These patterns, first described by Palade (1955) , can be studied to characterize the population of bound polysomes in a particular cell type (Kitani et al., 1982; Christensen et al., 1987) . In the present study, we are concerned with bound polysomes that make particularly large proteins, focusing on two cell types: the thyroid follicular epithelial cell and the fibroblast.
The principal secretory product of thyroid follicular epithelial cells is thyroglobulin, a large glycoprotein composed of two identical 330 kDa subunits (Malthièry et al., 1989) . Cultured dermal fibroblasts, stimulated with ascorbate, would secrete predominantly type I collagen (␣1 and ␣2 chains), as well as some type III collagen (see Discussion section). The cells may also secrete smaller amounts of other collagens, fibronectin, tropoelastin, fibrillin, and other products.
Our observations on fibroblast polysome surface views expand on earlier reports by Palade (1958) and by Ross and Benditt (1964) , in which ''parallel rows of ribosomes'' were described in tissue fibroblasts. A previous ultrastructural study on thyroid polysomes in sheep thyroid (Keyhani, 1969) was concerned with ribosomal number in the polysomes, and although electron micrographs of polysomes were included, no mention was made of polysomal shape (see Discussion section).
We have utilized cultured cells for the present study because the RER tends to be oriented in the plane of these flattened cells, greatly increasing the likelihood of seeing clearcut polysomal surface views in electron microscope (EM) sections that have been cut in that plane.
MATERIALS AND METHODS Cell Cultures
Cultured thyroid follicular cells, FRTL strain (AmbesiImpiombato et al., 1980) , were kindly provided by Dr. Hayden G. Coon of the Laboratory of Genetics, National Cancer Institute, NIH, in Bethesda, MD. The FRTL strain was derived originally from a primary culture of rat thyroid and was maintained on a modified Ham's F-12M medium, supplemented with 0.5% calf serum and six hormones or growth factors. During years of subsequent continuous culture, the cells retained the ability to secrete physiological amounts of thyroglobulin and also to concentrate iodide by 100-fold. Cells of the original FRTL strain, used here, are particularly advantageous for the present study because they tend to be flatter than the subsequent FRTL-5 cell line (Ambesi-Impiombato and Perrild, 1989) , which is more widely used today. Fig. 1 . Diagram illustrating the nature of polysome surface views observed in this study. The RER is usually seen in electron micrographs as two membranes studded with ribosomes, as is shown at upper left in the diagram. This appearance results from the RER membranes being seen edge-on (lower left). On the other hand, the section sometimes passes obliquely through the RER cisterna (lower right) and the view in the electron micrograph (upper right) then shows the shape and size of the bound polysomes (shown as circular polysomes in this example). The number of ribosomes in the polysomes can be counted. Some of the polysomes are incomplete, because they occur where the RER membrane is passing out of the plane of section. This is why the large hairpin polysomes of the present study are virtually never seen in their entirety, since they inevitably extend out of the section plane.
Cultures of rat dermal fibroblasts were kindly provided by Dr. Donald K. MacCallum of the Department of Anatomy and Cell Biology, University of Michigan Medical School. The cells were derived from primary skin explants from 125 g male Charles River CD rats. The cells were maintained in Eagle's Minimal Essential Medium with 10% fetal calf serum and 50µg/ml gentamicin sulfate. After one passage the cells were subcultured. When they reached confluence in two to three days, they were fed with medium containing 50µg/ml sodium ascorbate to stimulate collagen production (Pinnell, 1985) . The medium was changed after 24 h, and ascorbate was readministered 12 h later, just before the cells were fixed.
Both cell types were cultured in 96-well plates (flatbottom wells), to facilitate later processing for electron microscopy.
EM Preparation
The method used to fix, dehydrate, and embed the cultures for electron microscopy was adapted from that described by Jepsen et al. (1980) . Briefly, the culture medium in the 96-well plates was removed and rapidly replaced with cold fixative. The fixative for the thyroid cells was a freshly-prepared mixture of 1.25% glutaraldehyde and 1% osmium tetroxide (2 hr fixation at 4°C), while the fibroblasts were fixed for 1 hr with cold 1.25% glutaraldehyde, and were subsequently postfixed 1 hr at 4°C in 1% osmium tetroxide. The fixatives were buffered with 0.1 M sodium cacodylate (pH 7.4), which also contained 1 mM CaCl 2 . Following fixation, the cells were washed with buffer, and then dehydrated with increasing concentrations of ethanol, still in the 96-well plates. Propylene oxide was not used for infiltration, since it would have dissolved the plastic of the wells, releasing the cells. Instead, the wells were filled with a 1:1 mixture of ethanol:EponAraldite for 2 x 1 h, followed by two changes of EponAraldite on a rotator, the second change lasting overnight. For final embedding the wells were filled with EponAraldite (Mollenhauer, 1964) , and polymerization was carried out at 60°C. The resulting polymerized block in each of the wells thus had the monolayer of cultured cells at its lower face.
The plastic blocks were removed from the wells of the 96-well plates by a combination of rapid cooling with liquid nitrogen and pressure applied with pliers to break the walls of the wells. Ultrathin sections of light gold interference color, cut in the plane of the cell monolayer, were mounted on EM grids, and were then stained with uranyl acetate and lead citrate (Reynolds, 1963) .
Stained sections of cultured cells were viewed with a Philips EM201 electron microscope used at 60 kV. Most of the micrographs of polysome fields were taken at an original magnification of 20,000ϫ. Magnifications were checked with a diffraction grating replica.
Thyroid tissue was fixed by perfusion with 2.5% glutaraldehyde (buffered with s-collidine), postfixed in 1.3% osmium tetroxide, and embedded in Epon-Araldite. The detailed procedure was described in our earlier study (Christensen et al., 1987) . Observations on thyroid tissue cells were made with a Philips EM400 electron microscope.
Measurements
The average center-to-center distance between ribosomes in hairpin polysomes was measured on prints, utilizing relatively straight and clearcut portions of the polysomes. The distance between strands in the polysome was measured from the inner ends of the ribosomes in adjacent strands. A 7ϫ magnifier fitted with a 20 mm graduated reticle (Bausch & Lomb) was used for all measurements. Lengths measured on prints were divided by the magnification to yield the actual length. It should be pointed out that these measurements were probably slightly underestimated, since the polysomes were often oriented somewhat obliquely within the section (see Fig.  1 ), and so were not observed in full surface view.
It was difficult to make meaningful relative polysome counts for hairpin, spiral, and circular polysomes, since the long hairpin polysomes usually tended to extend out of the plane of section, and would thus be present in multiple sections, causing them to be substantially over-estimated compared to smaller polysomes that were more compact. In addition, the membranes were lightly stained in these preparations, making it difficult to define the gray outlines of RER membranes in surface view. It was therefore not possible to estimate the number of polysomes per unit area of RER membrane.
RESULTS
The appearance of cells used in this study is illustrated in low power electron micrographs of a cultured fibroblast ( Fig. 2 ) and of cultured thyroid follicular epithelial cells (Fig. 3) . Areas of RER were common in the cytoplasm of both cell types. The gray rectangle in each figure indicates an area roughly comparable to that shown at higher magnification in Figs. 4 and 5 respectively.
Cytoplasm that exhibits abundant polysome surface views is shown in Fig. 4 , from a cultured fibroblast, and in Fig. 5 , from a cultured thyroid epithelial cell. The preponderant large polysomal form consists of two parallel strands of ribosomes, representing a hairpin-shaped polysome. The hairpin is often curved. Some characteristic examples of these hairpin polysomes are labeled with arrowheads in the figures. Occasional polysomes have the shape of a large spiral and are labeled S in the figures. The lumen of the RER (labeled with asterisks) is usually cut obliquely, and appears gray in Fig. 4 because of the abundant secretory proteins it contains. The membranes of RER and mitochondria in these preparations were not stained very densely, so tangential sections of RER membranes do not exhibit a grayish tone. Edge-on profiles of RER membranes are present in some instances (arrows), and are discerned mainly by the ribosomes on their surface.
Polysomes: Hairpins
Examples of hairpin polysomes, seen in surface view at higher magnification, are shown in Figs. 6 and 7, all at the same magnification. Those in Fig. 6 are from cultured fibroblasts, and those in Fig. 7 are from cultured (7A) and tissue (7B) thyroid follicular epithelial cells. The hairpin polysomes are similar in both cell types, consisting of two parallel rows of ribosomes, often with a visible closed end (arrowheads). The term ''hairpin'' aptly describes the general shape of these polysomes, and is used here for convenience. However, it seems likely that the hairpin polysome may actually be closed at both ends, but this cannot be established in the present material because the polysomes usually extend out of the plane of section; at that point the ''end'' appears open, but is not the actual end of the polysome. A branching hairpin (labeled Br in Fig.  7A ) was seen on rare occasion.
The inset to Fig. 6 is a drawing depicting the likely appearance of a complete polysome for a prepro-␣ chain of collagen type I, which should be the most common large polysome on the RER in cultured fibroblasts. The inset is drawn in the same scale as the electron micrographs of that figure. A complete polysome for thyroglobulin would be about twice as long as the procollagen polysome (see Discussion).
The spacing between strands in the hairpin polysome is quite consistent for a given cell type and EM preservation. Measuring between the inner ends of the ribosomes, the interstrand distance averaged 11.0 nm (Ϯ 3.9 nm SD, n ϭ 86) in the fibroblast material, 15.1 nm (Ϯ 4.7 nm SD, n ϭ 82) in cultured thyroid cells, and 15.6 nm (Ϯ 4.5 nm SD, nϭ47) in tissue thyroid cells. In the fibroblast material (Fig. 6) , the strands were sometimes very close together, as if whatever maintained inter-strand distance was no longer intact, perhaps because of less favorable EM preservation.
The spacing between ribosomes along the mRNA strand of the polysome is quite uniform. The center-to-center distance between ribosomes, measured along relatively straight portions of the hairpins, averaged 24.3 nm (Ϯ 2.7 nm SD, n ϭ 147) in fibroblasts, 24.7 nm (Ϯ 2.6 nm SD, n ϭ 175) in cultured thyroid cells, and 25.8 nm (Ϯ3.9 nm SD, n ϭ 100) in tissue thyroid cells.
There is often a suggestion that the ribosomes in adjacent strands of the hairpin polysomes are in register. Examples of this are enclosed by thin brackets in Figs. 6 and 7.
Polysomes: Spirals and Other Forms
In addition to the preponderant hairpin polysomes, other forms are also seen in lesser numbers on the RER. These include spiral and circular polysomes, shown at high magnification in Fig. 8 , from cultured fibroblasts, and in Fig. 9 , from cultured thyroid follicular epithelial cells.
One of the striking forms, seen occasionally in both cell types, is a large spiral polysome containing as many as 31 ribosomes. Examples of the large spirals are shown in Figs. 4 and 5, and are also seen at higher magnification in the upper two rows of Fig. 8 (fibroblast) , and in the upper row of Fig. 9 (cultured thyroid). The inset to Figure 8 shows a drawing of such a spiral polysome, in the same scale as the electron micrographs.
Circular polysomes of various sizes are also observed, and examples are provided in the lower three rows of Fig. 8 (fibroblast) and lower two rows of Fig. 9 (thyroid) .
A common feature of spiral and circular polysomes in both cell types is the presence of one or more particles in the center of the polysome that appear larger and denser than ribosomes. Examples of these particles are labeled with small arrows in Figs. 8 and 9. 
DISCUSSION
Most of the large bound polysomes in the cultured thyroid epithelial cells and fibroblasts of this study had an elongated shape resembling that of a hairpin, although probably rounded at both ends. Occasional large spiral polysomes were also observed in both cell types.
Previous Literature
In his 1958 survey of ribosomes in various cell types, Palade included an electron micrograph of cytoplasm from a tissue fibroblast, pointing out three examples of RER surface views that showed ''pairs of parallel rows of particles, a pattern frequently encountered in fibroblasts.' ' Movat and Fernando (1962) , in a study of fibroblast ultrastructure in several species, showed double rows of ribosomes in occasional RER surface views, an arrangement they interpreted as ''tubular structures.'' They also described ''rosette-like'' surface views as being equally prominent. Ross and Benditt (1964) found ribosomes grouped in ''paired rows'' as the most common ribosomal pattern in fibroblasts, and showed that these patterns broke down in guinea pigs afflicted with scurvy, but returned when these animals were treated with ascorbic acid. Goldberg and Green (1964) carried out an ultrastructural study of collagen-secreting fibroblast cell lines from mice. The predominant bound polysomes they saw in RER surface views were ''curved chains of up to 10-12 particles.'' Occasional hairpin bound polysomes were visible in their figures, but were not mentioned in the article. The polysomes they described were much too small to be making collagen ␣-chains.
There was considerable controversy in the late 1960s about the molecular weight of the thyroglobulin subunit. Several EM studies on thyroglobulin polysomes were carried out, both in vitro and in tissue sections, in an attempt to ascertain the number of ribosomes in the polysome, which would allow an estimate of protein size. The most striking study was that of Keyhani (1969) , in sheep thyroid, who demonstrated up to 50 ribosomes per polysome on EM surface views in tissue sections. Three of the figures of that paper showed individual hairpin-bound polysomes similar to those of the present study. However, because the emphasis in Keyhani's paper was on ribosomal number in the polysomes, there was no mention of polysomal shape or organization. Electron micrographs in several other early studies on thyroid follicular epithelial cells included clearcut surface views of hairpin bound polysomes, without comment on their significance (Ekholm and Sjöstrand, 1957, their Fig. 11; Herman, 1960, his Fig. 19; Pantic, 1967, his Fig. 6; Fujita and Honma, 1968, their Fig. 3; Tixier-Vidal et al., 1969, their Figs. 2 and 3a ; Fujita, 1974, his Fig. 129 ).
Figs. 2 and 3. Low magnification electron micrographs illustrating examples of the cellular material used in this study, a cultured fibroblast (Fig. 2) and cultured thyroid follicular epithelial cells (Fig. 3) . Both cell types exhibit extensive areas of RER. The gray rectangle in each micrograph encloses an area roughly comparable to that shown at higher magnification in Figs (Fig. 4) and in a cultured thyroid follicular epithelial cell (Fig. 5) . Most of the larger polysomes consist of two parallel rows of ribosomes (arrowheads), as would be expected for hairpin-shaped polysomes. Since the hairpin polysomes are very long, they usually extend out of the plane of section, and so only a portion of each polysome is seen. Occasional large spiral polysomes (S) are sometimes observed. The lumen of the RER often appears expanded (asterisks) in these tangential sections of RER. RER membranes are sometimes seen edge-on (arrows). Mitochondria, M. Microtubules, mt.
Identity of the Polysomes
The abundance of large bound polysomes in both of the cultured cell types of this study would indicate that these cells were producing large proteins in substantial quantity. It is reasonable to assume that the main proteins being made by these large polysomes were the known products of the two cell types.
The preponderant large protein secreted by thyroid follicular epithelial cells is thyroglobulin, a glycoprotein composed of two identical 330 kDa subunits. Thyroglobulin constitutes up to 80% of the protein in normal mammalian thyroid glands (Shulman et al., 1955) . After its synthesis and storage in thyroid follicles, thyroglobulin is subsequently degraded to provide thyroid hormones. The mRNA for human and bovine thyroglobulin subunits has been sequenced, and the mRNA has also been partially characterized in rat and sheep (reviewed by Malthièry et al., 1989 ). The mRNA is very similar in these four species. Figs. 6 and 7. Hairpin polysomes seen at higher magnification, from cultured fibroblasts (Fig. 6) , from cultured thyroid follicular epithelial cells (Fig. 7A) , and from tissue thyroid follicular epithelial cells (Fig. 7B) . The polysomes in Figures 6-9 are all shown at the same magnification. The inset to Figure 7 is a diagram (drawn to the same scale) showing the probable appearance of a complete polysome for a prepro-␣ chain of collagen I, one of the main large proteins produced in quantity by fibroblasts. Examples of closed ends on hairpin polysomes are labeled with arrowheads. Ribosomes in adjacent strands of the polysome sometime appear to be in register (indicated by thin brackets). The hairpin can branch (Br, in Fig. 7A ), although this is rarely seen.
Figs. 8 and 9. Spiral and circular bound polysomes, from cultured fibroblasts (Fig. 8) and from cultured thyroid follicular epithelial cells (Fig.  9) . These forms are seen less frequently than the hairpin polysomes. The inset to Fig. 8 is a diagram of the large spiral seen occasionally in both cell types; corresponding electron micrographs of the large spiral are seen in the top two rows of Fig. 8 and in the top row of Fig. 9 . Particles that are larger and denser than ribosomes are sometimes seen in the center of spiral and circular polysomes (examples are labeled with very small arrows).
The coding region contains 8307 nucleotides in bovine and also in human (van de Graaf et al., 1997) . It is probably comparable in the rat. The polysome for thyroglobulin would therefore be expected to contain approximately 92 ribosomes. 1 The probable appearance of such a thyroglobulin polysome on the RER membrane, based on the findings of the present study, is diagrammed in Figure 10 .
Fibroblasts secrete substantial amounts of collagen (Linsenmayer, 1991; Olsen, 1991) . Detailed quantitative studies of collagen synthesis in cultured skin fibroblasts have been carried out in human material, which may be suggestive for the rat cultured dermal fibroblasts of the present study. In cultured human skin fibroblasts (Pinnell, 1985; Geesin et al., 1988) , type I collagen constituted about 85% of collagen production and most of the remainder was type III collagen. Under ascorbate stimulation, collagen synthesis increased three-to fourfold, and its mRNA increased two-to threefold. The synthesis of non-collagen secretory proteins, such as fibronectin, was lower and was unaffected by ascorbate. Prepro-␣ chains for fibrillar collagens (including collagen types I and III) contain 1360-1515 amino acids (Vuorio and de Crombrugghe, 1990 ). Therefore, their polysomes would be expected to have approximately 45-50 ribosomes. 1 The likely appearance of a collagen polysome is drawn as an inset to Fig. 6 .
Shape Consistency and Maintenance
In this study, the great majority of large bound polysomes were hairpin-shaped in thyroid epithelial cells, source of thyroglobulin, and also in fibroblasts, presumably making mainly prepro-␣ chains of collagen I. The polysomes for these proteins would therefore seem to have a relatively consistent shape. This conclusion agrees with other studies in which the shape of bound polysomes has been studied in cell types that secrete large quantities of a particular protein, allowing the assumption that a majority of the observed bound polysomes were producing that protein. Kitani et al. (1982) described bound polysomes in human myeloma cells making various classes of immunoglobulins. Observations on polysome surface views in IgG myeloma cells from 14 patients yielded two main classes of bound polysomes, one containing 17-18 ribosomes and the other with 7 ribosomes. The larger polysome, presumably making the IgG heavy chain, was a circle of about 14 ribosomes with 3-4 additional ribosomes in the center of the circle. The smaller polysome, probably for the light chain, was a circular polysome of 7 ribosomes. In our previous study of pituitary cells making either growth hormone or prolactin (Christensen et al., 1987) , most of the bound polysomes were small circles of 6-7 ribosomes, again suggesting a consistent polysomal form. As still another example, the study of polysome surface views in gland cells of chick oviduct (Palmiter et al., 1970) , secreting mainly ovalbumin, showed a predominance of spiral polysomes containing about 13 ribosomes. These various studies suggest that bound polysomes making a particular protein maintain a relatively consistent shape.
How is the shape maintained? It is likely that shape maintenance in bound polysomes involves two factors: (1) a natural tendency of mRNA in polysomes to bend, and (2) some unknown spacer component in larger polysomes that would maintain the distance between strands.
It is well established that polysomal mRNA has a natural tendency to bend. When Shelton and Kuff (1966) brought small free polysomes down on an EM grid membrane, the polysomes spontaneously assumed the same circular shape exhibited by small circular bound polysomes that are observed in surface views of the RER in tissue sections. The direction of the bend relative to ribosomal orientation on the mRNA, with the small subunit lying in the curve, was the same in the spontaneous circles formed by Shelton and Kuff (1966) described above and in bound polysomes viewed by negative staining on rough microsome vesicles (Christensen, 1994) . This suggests that the bend may be due to the curved path of the mRNA within each ribosome, which occurs in the same direction (Agrawal et al., 1996) .
The tendency of polysomal mRNA to bend is probably an adequate explanation for the shape of small circular and spiral bound polysomes. However, it doesn't account for the shape of hairpin polysomes, which are the most common large bound polysomes in the cell types of the present study, nor does it explain the shape of large spiral bound polysomes, in which a regular spacing is maintained between successive strands in the spiral. In fact, as can be seen in Fig. 11 , this regular spacing between strands is a characteristic feature shared by both the hairpin and the large spiral polysome. This suggests a model in which adjacent strands of the mRNA in large bound polysomes would be maintained at a relatively constant distance from one another by some spacing mechanism, perhaps involving membrane proteins of the RER. 1 The approximate number of ribosomes that would be expected in the polysome for a particular protein can be predicted on the basis of one ribosome per 90 nucleotides of mRNA (Staehelin et al., 1964) . For proteins of appreciable size this would be roughly the same as one ribosome per 90 nucleotides in the mRNA coding region, or per 30 amino acids in the nascent preprotein. The number of ribosomes can also be estimated in terms of one ribosome per 3,000 Da in the final protein (see De Nayer and Labaw, 1971) . For example, in our previous study (Christensen et al., 1987) , a peak of about 7 ribosomes was observed for bound polysomes in cells making growth hormone, a molecule of 22 kDa (thus 3142 Da/ribosome), and with an mRNA coding region (Seeburg et al., 1977) of 648 nucleotides (93 coding region nucleotides/ribosome). If one postulates such a spacing mechanism, then the hairpin and large spiral bound polysomes (Fig. 11 ) would be seen as two different arrangements of long polysomal strands on the RER membrane that would utilize the spacer mechanism to form a compact, regular polysomal shape. In the large spiral bound polysome, the curvature of the spiral would result from the mRNA's tendency to bend, and the spacing mechanism would keep successive strands at a consistent spacing. In the hairpin polysome, on the other hand, each strand's tendency to bend would be directed toward the other strand, thus canceling out, and the spacer mechanism would maintain a uniform interstrand distance.
As can be seen in Fig. 11 , the spacer mechanism would need to be capable of functioning equally well when ribosomes in the two adjacent strands are ''back-to-back'' (as they are in the hairpin) or ''front-to-back'' (as in the large spiral). This would suggest that the spacer does not interact directly with ribosomes, but rather with the translocon that underlies each ribosome (see Matlack et al., 1998; Beckmann et al., 1997) . Each of these protein translocation pores in the RER membrane is made up primarily of 3-4 Sec61 complexes that encircle the pore. If the binding sites at each end of the spacer component were capable of binding to Sec61 complexes, then the spacer could attach equally well to any side of the translocon.
The possible length of the proposed spacer component may be estimated by measuring the distance between the probable position of translocons (Beckmann et al., 1997; Christensen, 1994) in adjacent strands of hairpin polysomes observed in surface view. Such measurements suggest a spacer length of approximately 35 nm. The spacer might be composed of one or more membrane proteins.
Some Possible Functional Correlations
The relatively constant center-to-center distance between ribosomes in these polysomes, averaging 24.9 nm in the present study, allows an estimation of how much the mRNA is contracted. Within that center-to-center distance there would be about 90 mRNA nucleotides (Staehelin et al., 1964) , which would give a length of 0.28 nm per nucleotide in the strand. However, in a fully-extended mRNA strand, one would expect each nucleotide to have a length of about 0.59 nm. 2 Thus, the mRNA strand appears to be contracted to about half of its fully extended length, presumably by internal base pairing, protein interactions, and by the curved path of the mRNA within each ribosome.
The regular spacing between ribosomes in these large bound polysomes implies a consistent rate of initiation and elongation during translation. If these processes were irregular, then we would expect prominent gaps and clustering of ribosomes along the polysomal strands. Hairpin polysomes did not exhibit any appreciable clustering of ribosomes that might suggest ''ribosomal pausing'' (Wolin and Walter 1993; Nakahara et al., 1994) , which involves a local arrest in protein synthesis, causing ribosomes to accumulate on the upstream side of the pause. However, the dense particles that were sometimes seen in the center of circular or spiral polysomes (see small arrows in Figs. 8 and 9) could be interpreted as two or more ribosomes tightly pressed together. On the other hand, similar dense particles within bound polysomes have been interpreted by Kitani (1982) as ''ribosomes with an adhering amorphous substance. '' In the hairpin polysomes observed in this study, ribosomes often appear to be paired with their neighbor in the adjacent strand (see thin brackets in Figs. 6 and 7) . Ross and Benditt (1964) also alluded to this arrangement in mentioning ''rows of paired ribosomes.'' This tendency for ribosomes on opposing strands to be in register might reflect an interstrand binding by spacer components, as is postulated above. If such a cross-strand linkage between ribosomes (or their translocons) occurs, possibly maintaining the spacing between strands, the binding might be transitory, with little practical effect on translation. On the other hand, if the binding is relatively stable, then it could limit the ability of the ribosomes to move during transla- Fig. 11 . Diagram comparing hairpin and spiral bound polysomes. The mRNA, indicated by a dotted line, is arranged as suggested in our previous study (Christensen, 1994) . The 5Ј and 3Ј ends of the mRNA are shown at one end of the hairpin polysome, but may be elsewhere. For possible functional implications of these shapes, see the text.
tion. Since translation proceeds in opposite directions in the two adjacent strands, the linked ribosomes would then be essentially immobile, and only the mRNA would be free to move during translation. If this were the case, then the 5' and 3' ends of the mRNA could be anywhere in the hairpin, and not restricted to one of its ends, as has been drawn in Figs. 10 and 11. It should be pointed out that the dynamics of translation could be quite different in a large spiral polysome, where translation is proceeding in the same direction in adjacent strands.
Interactions between the 5' and 3' untranslated regions of mRNA may be important in the initiation and regulation of protein synthesis as well as in mRNA turnover (Decker and Parker, 1995; Wickens et al., 1997; Preiss et al., 1998) . This interaction of the mRNA ends is easy to imagine for free polysomes, which are flexible in three dimensions. In bound polysomes, on the other hand, the ribosomes are tightly attached to the RER membrane and so are confined to a two-dimensional plane, causing the ends to have considerably less flexibility. Nevertheless, the shape of circular and hairpin bound polysomes would put the 5' and 3' ends in proximity, allowing interactions. On the other hand, in large spiral bound polysomes, such as those shown in the present study (Figs. 8 and 9 ), the two ends of the mRNA would lie a considerable distance from each other, making it less likely that the 5' and 3' ends could interact effectively (see Fig. 11 ).
